A new species of the Mesobiotus harmsworthi group is described from Ethiopia. An integrative taxonomy approach was applied by combining morphological and morphometric analyses-imaging under phase contrast and scanning electron microscopy with molecular analysis (18S rRNA, 28S rRNA and COI markers)-to cross-verify the status of the population as a new species. The specimens of Mesobiotus ethiopicus sp. nov. are most similar to two taxa of the harmsworthi complex: M. harmsworthi obscurus (Dastych, 1985) and M. peterseni (Maucci, 1991) . Nevertheless, the new species can be easily distinguished from the first of these taxa by the absence of additional teeth in the oral cavity and by a different accessory point morphology on the claws, and it can be distinguished from the second species mostly by a completely different egg process anatomy. Mesobiotus ethiopicus sp. nov. is only the second tardigrade species formally described as new for science from Ethiopia so far.
Introduction
The Federal Democratic Republic of Ethiopia (Ethiopia) is a country located on the northeast African peninsula (the so-called Horn of Africa). It does not have access to the sea and is surrounded by six countries; from the north in a clockwise direction, they are as follows: Eritrea, Djibouti, Somalia, Kenya, South Sudan, and Sudan. The wide spectrum of climate, soils, natural vegetation (Friis et al., 2010) , and settlement patterns is related to the extreme diversity of terrain (highland complex of mountains, plateaus dissected by the Great Rift Valley, lowlands, steppes, semideserts). The wide range of elevation in this region has resulted in ecological differentiation, creating diverse habitats from deserts to tropical forests. Such ecological variation may have played a considerable role in some biological processes, such as the ecological isolation of populations and evolution of endemic species. Although the large African vertebrates are well known, there are many groups of invertebrates that are poorly investigated (Myers et al., 2000) . One such group is the phylum Tardigrada, which consists of microscopic animals inhabiting terrestrial, freshwater, and marine environments throughout the world (e.g., Nelson and Marley, 2000; Nelson et al., 2015) . Currently the number of known species is over 1200 (Degma et al., 2016) ; each year, several new taxa are described.
To date, only eight tardigrade species have been found in Ethiopia (McInnes et al., 2017) , and all of them were reported in one faunistic study in the Oromia Region by Pardi (1941) . Only one of them, Minibiotus granatai (Pardi, 1941) , was formally described as a species new to science specifically from this country, and it has not been found in any other locality throughout the world. The other species reported from Ethiopia by Pardi (1941) are as follows: Isohypsibius nodosus (Murray, 1907a) , Pseudechiniscus suillus (Ehrenberg, 1853) sensu lato, Milnesium tardigradum Doyère, 1840 s.l., Macrobiotus hufelandi C.A.S. Schultze, 1833 s.l., Mesobiotus harmsworthi (Murray, 1907b) s.l., Minibiotus intermedius (Plate, 1888) s.l., and Paramacrobiotus richtersi (Murray, 1911) s.l. The last six of these are representative taxa for species complexes that have been described from the Palearctic region; thus, these records should be treated with extreme caution. Isohypsibius nodosus (Murray, 1907a) was described from the Republic of South Africa (Cape Province), and it has also been reported from several additional localities in different parts of the world (see McInnes, 1994 , McInnes et al., 2017 , suggesting a putative species complex. Interestingly, Murray (1913) and Pardi (1941) underlined some minute differences in the size of nodules in African specimens from Kenya and Ethiopia, respectively. In consequence, this record should be treated as dubious.
Recently, some species complexes that include phenotypically similar species have been separated into multiple genera by combining morphological and molecular analyses (Vecchi et al., 2016) . One example is the genus Mesobiotus Vecchi et al., 2016 , which was erected from the genus Macrobiotus C.A.S. Schultze, 1834 . It is composed of species from two former informal taxonomic groups: the Macrobiotus harmsworthi group and the Macrobiotus furciger group. Species that belong to the genus Mesobiotus are characterized by Y-shaped double claws with evident septum, cuticle without pores, three roundish macroplacoids, and one microplacoid that is situated closely (less than its length) to the third macroplacoid, and by freely laid eggs with conical to hemispherical processes.
With an integrative taxonomy approach applying detailed morphological (phase contrast microscopy [PCM] , scanning electron microscopy [SEM]), morphometric (PCM), and molecular (18S rRNA, 28S rRNA, and COI markers) analyses, we were able to assemble comprehensive data for Mesobiotus ethiopicus sp. nov. collected in Ethiopia, allowing us to describe it as a species new to science, and to differentiate it from others within the current Mesobiotus harmsworthi group.
Materials and methods

Sample processing
The moss sample from shaded rocks was collected by Asger Ken Pedersen on 15 February 2016 in open Afroalpine hilly terrain from Amhara Regional State, in the Semien Mountains (Ethiopia). The sample was collected and examined for terrestrial tardigrades using standard methods (e.g., Stec et al., 2015) . A total of 22 individuals and 16 eggs of the new species were extracted from the sample, and split into three groups: 19 animals and 13 eggs were mounted on microscope slides in Hoyer's medium, three eggs were prepared for imaging with scanning electron microscopy (SEM), three specimens were used for DNA sequencing.
Apart from the new species, the sample also contained two specimens of Pseudechniscus sp., one specimen of Isohypsibius sp., one specimen of Ramazzottius sp., three specimens of Macrobiotus hufelandi group species, and 24 specimens of Testechiniscus sp.
Microscopy and imaging
Specimens for light microscopy were mounted on microscope slides according to Morek et al. (2016) in a small drop of Hoyer's medium, and secured with a cover slip. The slides were then dried for 2 weeks at room temperature and then for 5 days at 60 °C. Dried slides were sealed with transparent nail polish and examined with a Nikon Eclipse 50i phase contrast light microscope (PCM) equipped with a Nikon Digital Sight DS-L2 digital camera. Eggs for SEM were processed as follows: they were first subjected to water/ethanol and an ethanol/acetone series, and then to CO 2 critical point drying in a critical point dryer (Autosamdri-815 series A, Tousimis Research Corporation, Rockville, MD, USA). Specimens were then coated with platinum-palladium using a sputter coater (JEOL JFC-2300HR high resolution fine coater). Finally, specimens were examined under high vacuum in a JEOL Field Emission Scanning Electron Microscope JSM6335F (Jeol, Tokyo, Japan) located in the Natural History Museum of Denmark, University of Copenhagen, in the Zoological Museum.
All figures were assembled in Corel Photo-Paint X6, v.16.4.1.1281. For deep structures that could not be fully focused on in a single photograph, a series of 2-10 images were taken every c. 0.25 µm and then assembled into a single deep-focus image.
Morphometrics and morphological nomenclature
Sample size for morphometrics was chosen following recommendations by Stec et al. (2016) . All measurements are given in micrometres (µm). Structures were measured only if their orientation was suitable. Body length was measured from the anterior extremity to the end of the body, excluding the hind legs. The terminology for the buccal apparatus and claw types follows Pilato and Binda (2010) . The terminology used to describe the oral cavity armature follows that established by Hansen and Katholm (2003) , Michalczyk and Kaczmarek (2003) and updated by Hansen et al. 2017 . Buccal tube length and the level of the stylet support insertion point were measured according to Pilato (1981) . Buccal tube width was measured as the external and internal diameter at the level of the stylet support insertion point. Macroplacoid length sequence is given according to Kaczmarek et al. (2014) . Lengths of the claw branches were measured from the base of the claw (i.e. excluding the lunula) to the top of the branch, including accessory points. The pt index is the ratio of the length of a given structure to the length of the buccal tube expressed as a percentage (Pilato, 1981) . Distance between egg processes was measured as the shortest line connecting base edges of the two closest processes. Morphometric data were handled using the "Parachela" v.1.2 template available from the Tardigrada Register (Michalczyk and Kaczmarek, 2013) . Tardigrade taxonomy follows Bertolani et al. (2014) . All raw data underlying the description of Mesobiotus ethiopicus sp. nov. are deposited in the Tardigrada Register (Michalczyk and Kaczmarek, 2013) under www.tardigrada.net/register/0045.htm.
Genotyping
For DNA sequencing, three paragenophores (sensu Pleijel et al., 2008) were used. The DNA was extracted from individual animals following a Chelex 100 resin (Bio-Rad) extraction method by Casquet et al. (2012) , with modifications described in detail in Stec et al. (2015) . We sequenced three DNA fragments (two nuclear: nDNA; and one mitochondrial: mtDNA) differing in mutation rates (from the most to the least conservative): the small ribosome subunit (18S rRNA, nDNA), the large ribosome subunit (28S rRNA, nDNA), and the cytochrome oxidase subunit I (COI, mtDNA). All fragments were amplified and sequenced according to the protocols described in Stec et al. (2015) ; primers and original references for specific PCR programs are listed in Table 1 . Sequencing products were read with the ABI 3130xl sequencer at the Molecular Ecology Lab, Institute of Environmental Sciences of Jagiellonian University, Kraków, Poland. Sequences were processed in BioEdit v.7.2.5 (Hall, 1999) Mapalo et al., 2016) .
The sequences were aligned with the ClustalW Multiple Alignment tool (Thompson et al., 1994) implemented in BioEdit. The aligned sequences were then trimmed to 741 bp (18S rRNA), 729 bp (28S rRNA), and 638 bp (COI). MEGA v.6.0 (Tamura et al., 2013) was used for computing uncorrected genetic pairwise distances calculations and for the COI sequences translation to polypeptides to test against pseudogenes.
Results
Taxonomic account of the new species
Phylum: Tardigrada Doyère, 1840 Class: Eutardigrada Richters, 1926 Order: Parachela Schuster, Nelson, Grigarick and Christenberry, 1980 Superfamily: Macrobiotoidea Thulin, 1928 (in Marley et al., 2011 Family: 
Description of the new species
Animals (measurements and statistics in Table 2 ): In live animals, body almost transparent in young specimens and white in adults; after fixation in Hoyer's medium, body transparent ( Figure 1A ). Eyes absent (before and after fixation). Body cuticle smooth, i.e. without pores, spines, or sculpturing. Granulation on all legs absent. Mouth anteroventral. Buccopharyngeal apparatus of the Macrobiotus type, with the ventral lamina and 10 small peribuccal lamellae (Figure 2A) . The oral cavity armature well developed and composed of three bands of teeth ( Figures 2B-2G ). The first band of teeth is composed of numerous small granules arranged in several rows situated anteriorly in the oral cavity, just behind the bases of the peribuccal lamellae ( Figures 2B-2G) . The second band of teeth is situated between the ring fold and the third band of teeth and is composed of ridges parallel to the main axis of the buccal tube and granules, larger than those in the first band ( Figures 2B-2G ). Some teeth in the second band are clearly larger than other teeth in this band ( Figures 2B-2G , flat arrowhead). The teeth of the third band are located within the posterior portion of the oral cavity, between the second band of teeth and the buccal tube opening (Figures 2B-2G) . The third band of teeth is divided into the dorsal and the ventral portion. Under PCM, both dorsal and ventral teeth are visible as two lateral and one median transverse ridges ( Figures 2B-2G) . The ventromedian tooth is roundish and sometimes constricted or fully divided into two separate roundish teeth ( Figures 2C, 2E, 2G, arrow) . Pharyngeal bulb ovoid (Figures 2A) , with triangular apophyses, three rod-shaped macroplacoids and the drop-shaped (in lateral view) or triangular (in dorsoventral view) microplacoid placed closely to the third macroplacoid (Figures 2A, 2H,  and 2I ). The macroplacoid length sequence is 2<3<1. The first macroplacoid is anteriorly narrowed and the third has a subterminal constriction ( Figures 2H and 2I , empty arrowhead). Claws of the Mesobiotus type, with a peduncle connecting the claw to the lunula, a basal septum, and welldeveloped accessory points situated parallel to the primary branch ( Figures 3A-3C) . Lunules under claws I-III smooth ( Figures 3A, 3B) , but under claws IV slightly serrated ( Figure 3C ). Single transverse bars present beneath claws Figures 3A, 3B, arrow) , whereas a horseshoe-shaped structure connects the anterior and posterior lunules on claws IV ( Figure 3C, filled flat arrowhead) .
I-III (
Eggs (measurements and statistics in Table 3 ): Laid freely, white, spherical with conical processes (Figures 4A  and 6A, 6B) . The processes are equidistant from each other ( Figures 4A-4D and 6A, 6B) with bases of hexagonal shape ( Figures 4B-4D and 6A-6D ). The process surface seems to be reticulated under PCM but smooth under SEM ( Figures  4A-4D, 5A-5I, and 6A-6H) . The labyrinthine layer within the process walls appears as reticulation under PCM, with meshes varying in diameter on each process, with decreasing mesh size from bottom to top on each process (Figures 4C, 4D and 5H) . Several pores in the top portion of the processes are present in the external process walls (clearly visible only in SEM) ( Figures 6E-6H ). Processes are terminated by several short, thin, and flexible filaments very susceptible to fracture, which are visible in both PCM (Figures 5A-5I ) and SEM ( Figures 6E-6H) . Moreover, the processes are sometimes bifurcated (Figures 5H-5I ). Six flat, narrow, often not fully developed ( Figures 4C, 4D and 6C, filled indented arrowhead), and only sometimes connected ( Figures 4C, 4D and 6D, filled flat arrowhead) areoles are present around each process. The inner areole surface is wrinkled but this trait is only clearly visible in SEM ( Figures 6C, 6D ), rarely and barely visible in PCM ( Figure 4C, asterisk) .
DNA sequences and p-distances comparisons
We obtained sequences for all three of the above mentioned molecular markers from all three paragenophores. All markers were represented by single private haplotypes:
The 18S rRNA sequence (GenBank: MF678793), 800 bp long;
The 28S rRNA sequence (GenBank: MF678792), 772 bp long;
The COI sequence (GenBank: MF678794), 638 bp long.
The ranges of uncorrected genetic p-distances between the new species and species of the Mesobiotus harmsworthi group, for which sequences are available from GenBank, are as follows (from the most to the least conservative):
18S rRNA: 1.1%-5.7%, with the most similar being M. philippinicus from the Philippines (KX129793) and the least similar being M. cf. mottai from the Antarctic (KT226072); 28S rRNA: 7.2% between the new species and M. philippinicus from the Philippines (KX129794); COI: 24.0%-24.3%, with the most similar being M. philippinicus from the Philippines (KX129796) and the least similar M. hilariae from Antarctica (KT226108).
Discussion
Phenotypic differential diagnosis
Having three rod-shaped macroplacoids and a relatively large microplacoid placed close to the third macroplacoid places Mesobiotus ethiopicus sp. nov. in the genus Mesobiotus. These morphological criteria for the animals, together with conical egg processes, places the new species within the harmsworthi group (Kaczmarek et al., 2011) . By having a completely smooth cuticle, even on the legs, and eggs without fully developed areoles, the new species is similar to two species of the harmsworthi group but differs specifically from:
• M. harmsworthi obscurus (Dastych, 1985) known only from the locus typicus and Ural Mountains (Perm district, Russia) (Biserov, 1991) , by: absence of eyes (eyes present in M. harmsworthi obscurus), absence of additional teeth in the oral cavity (a few to a dozen additional teeth in the oral cavity present in M. harmsworthi obscurus situated between second and third band of teeth), presence of several evidently larger teeth in the second band of teeth in the oral cavity armature (second band of teeth uniform in M. harmsworthi obscurus), a different morphology of accessory points on the primary branches of all the claws (typically developed accessory points orientated parallel to the primary branches in the new species vs. strikingly large and upward pointing accessory points in M. harmsworthi obscurus), different morphology of egg process endings (processes terminated by several short, thin, and flexible filaments susceptible to fracture in the new species vs. absence of flexible filaments at the process ends in M. harmsworthi obscurus).
• M. peterseni (Maucci, 1991) known only from the locus typicus in Greenland, by: presence of several evidently larger teeth in in the second band of teeth in the oral cavity armature (second band of teeth uniform in M. peterseni), different macroplacoid sequence (2<3<1 in the new species vs. 2<1<3 in M. peterseni), different morphology of the egg processes (conical processes with flexible filaments at the endings and with differentiated reticulation on process surface in the new species vs. dome-shaped process without flexible filaments at the endings, with uniformly reticulated processes wall surface and differentiated reticulation only on the process top, which resembles one large pore surrounded by several smaller pores in M. peterseni).
Comments on molecular results
The comparison between sequences obtained in our study and sequences deposited in GenBank showed that our DNA sequences are clearly different and unique. This result support our hypothesis about new species erection. Nevertheless, our analysis is based only on a very limited set of molecular data currently available in a public database. It stresses that effort should be made to cover this gap in the molecular data for the genus Mesobiotus. It will be especially important not only for species identification and delineation, but also to infer more precisely the phylogenetic relationships within this taxon.
Mesobiotus ethiopicus sp. nov. is the second tardigrade species formally described from Ethiopia as a taxon new to science. The new species erection and delineation was made possible by using an integrative approach including scanning electron microscopy (SEM), phase contrast microscopy (PCM), and DNA sequencing. Despite the scarcity of molecular data for the genus Mesobiotus and the lack of calculated DNA distance thresholds for species delineation within the phylum Tardigrada (Michalczyk et al., 2012) , the differences in uncorrected p-distances, together with clear morphological differences shown in our work, unambiguously support the erection of the new species. As of now, only nine tardigrade taxa have been reported from Ethiopia, but past records of all species, excluding Mesobiotus ethiopicus sp. nov. and Minibiotus granatai (Pardi, 1941) , should be treated with great caution since they are nominal taxa for species complexes for which the descriptions are imprecise .
Nomenclatural acts
This work and the nomenclatural acts it contains have been registered in ZooBank. The ZooBank Life Science Identifier (LSID) for this publication is: http://zoobank. org/urn:lsid:zoobank.org:pub:395FA2EC-2295-4A14-B4F2-A0880010F692.
